INTRODUCTION {#sec2}
============

Although radiotherapy has been a fairly popular treatment for cancer patients until recently, patients treated with radiotherapy have had a significant risk of cancer recurrence following this treatment, impeding full recovery \[[@ref1]\]. This nearly fatal event is accepted to be closely related to the tumor microenvironment generated by hypoxia and a diverse population of stromal cells, including fibroblasts, endothelial cells, perivascular cells and inflammatory cells \[[@ref4]\]. In addition, the tumor microenvironment clearly affects the sensitivity of cancer cells to ionizing radiation and can lead to the development of aggressive tumor characteristics by triggering epithelial--mesenchymal transition (EMT) \[[@ref4], [@ref5]\]. Cancer cells undergoing EMT exhibit a decreased level of epithelial markers and an increased level of mesenchymal markers, thereby leading to the loss of cell--cell interactions \[[@ref6], [@ref7]\]. Consequently, these cells extravasate from the primary tumor sites and move to their new destination \[[@ref5]\] and are thus easily detected in the regions of malignant tumors displaying aggressive characteristics \[[@ref8], [@ref9]\]. In addition, many lines of evidence show that populations of cancer cells possessing mesenchymal traits include a large population of cancer stem-like cells \[[@ref10]\]. Furthermore, EMT, which leads to these traits, is recognized as a principal mechanism for generating cancer stem-like cells, which contribute to resistance to anticancer therapy \[[@ref10]\].

The tumor vascular system in the tumor microenvironment contributes to the survival and growth of cancer cells \[[@ref13], [@ref14]\]. Furthermore, the endothelial cells composing this system have been reported to influence the induction of tumor malignancy related to cancer stem-like cells by activating signaling networks of cytokines or growth factors responsible for cell--cell communication \[[@ref13]\]. The role and radioresponse of the diverse population of stromal cells composing the tumor microenvironment has been widely investigated, but, to date, the effects of these cells on tumor malignancy in the irradiated tumor microenvironment have been less well known \[[@ref17], [@ref18]\].

A variety of cytokines or growth factors are associated with the diverse events occurring in the tumor microenvironment \[[@ref13]\]. Among these mediators, several interleukins (ILs) have been widely reported to play a fundamental role in regulating the migratory and invasive properties of cancer cells in the tumor microenvironment \[[@ref19]\]. In addition, the activation of their associated signaling pathways is strongly related to an increased risk of tumor progression and poor survival \[[@ref19], [@ref21], [@ref22]\].

Previously, we observed that irradiated endothelial cells can modulate the malignancy of liver cancer cells and further showed that 2 Gy--irradiated endothelial cells are associated with an increase in the migratory and invasive properties and the sphere size of liver cancer cells \[[@ref23]\]. In this study, we performed additional research to identify the signaling pathways underlying the increased malignancy of liver cancer cells mediated by 2 Gy--irradiated endothelial cells. We found that activation of the IL-4/ERK/AKT signaling pathway led to increased malignancy of liver cancer cells treated with conditioned medium from 2 Gy--irradiated endothelial cells. Our findings suggest a mechanism or insight that may explain the means by which cancer recurs after radiotherapy.

MATERIALS AND METHODS {#sec3}
=====================

Reagents {#sec4}
--------

AG490 was purchased from InvivoGen (San Diego, CA, USA). LY294002 was purchased from Cell Signaling Technology (Denver, MA, USA). PD98059, PD169316 and SP600125 were purchased from Millipore (Darmstadt, Germany). Mouse monoclonal antibodies against Vimentin (cat. no. sc-6260), E-cadherin (cat. no. sc-8426) and Zeb1 (cat. no. sc-81428) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). A mouse monoclonal antibody against N-cadherin (cat. no. 610920) was purchased from BD Bioscience (San Jose, CA, USA). Rabbit monoclonal antibodies against Slug (cat. no. 9585), phospho-Stat3 (Tyr705) (cat. no. 9145), phospho-p38 MAPK (Thr180/Tyr182) (cat. no. 9215) and Snail (cat. no. 3879) were purchased from Cell Signaling Technology (Denver, MA, USA). A rabbit polyclonal antibody against STAT-3 (cat. no. sc-7179) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Rabbit polyclonal antibodies against phospho-AKT (Ser473) (cat. no. 9271), AKT (cat. no. 9272), phospho-p44/42 MAPK (ERK1/2) (cat. no. 9101), ERK1/2 (cat. no. 9102), phospho-SAPK/JNK (Thr183/Tyr185) (cat. no. 9255) and p38 MAPK (cat. no. 9212) were purchased from Cell Signaling Technology (Denver, MA, USA). Mouse monoclonal anti-β-actin (cat. no. A5441), horseradish peroxidase--conjugated anti--mouse IgG (cat. no. A9044) and horseradish peroxidase--conjugated anti--rabbit IgG (cat. no. A0545) antibodies were purchased from Sigma--Aldrich (St Louis, MO, USA).

Cell culture {#sec5}
------------

Human umbilical vein endothelial cells (HUVECs) were purchased from ScienCell (Carlsbad, CA, USA). HUVECs plated in gelatin-coated 60-mm dishes were cultured in complete endothelial cell culture medium (ScienCell Research Laboratories, Carlsbad, CA, USA) supplemented with 5% fetal bovine serum, 1% antibiotics and 1% endothelial cell growth supplement in a humidified 5% CO~2~ incubator at 37°C. Cells from passages 2 to 5 were used for experiments. Human liver cancer HepG2, Hep3B and Huh7 cells were obtained from the American Type Culture Collection (Manassas, VA, USA). These cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma--Aldrich, St Louis, MO, USA) supplemented with 10% (v/v) bovine calf serum, penicillin (50 units/ml), and streptomycin (50 μg/ml) (all from Gibco BRL, Grand Island, NY, USA).

Irradiation {#sec6}
-----------

HUVECs were exposed to γ-rays from a ^137^Cs irradiation source (Eckert & Ziegler, Berlin, Germany) at a dose rate of 2.6 Gy/min.

Preparation of conditioned medium {#sec7}
---------------------------------

After the medium from endothelial cells was freshly replaced with new medium, HUVECs were irradiated with various doses of γ-rays and were then cultured for 24 h. Shortly thereafter, the endothelial cell--conditioned medium (ECM) was harvested and filtered through a 0.45-μm filter or centrifuged for 5 min at 700 × g to remove cells and debris and was then transferred to tubes.

Western blot analysis {#sec8}
---------------------

Cells were treated with lysis buffer \[40 mM Tris-HCl (pH 8.0), 120 mM NaCl, and 0.1% (v/v) NP40\] supplemented with protease inhibitor cocktail tablets (1 tablet/50 ml; Boehringer, Mannheim, Germany) and centrifuged for 15 min at 12,000 × g and 4 C. SDS--PAGE was used to separate 30 μg of protein, which was transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Membranes were blocked with 5% (w/v) nonfat dry milk in Tris-buffered saline and were then incubated for 1 h with all primary antibodies, each at a dilution of 1:1000 and at room temperature. All peroxidase-conjugated secondary antibodies were diluted 1:10,000 for the detection of specific reaction bands, which were visualized using an enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ, USA) at room temperature.

![IL-4 released from 2 Gy--irradiated endothelial cells contributed to increasing the malignancy of liver cancer cells. (**a**) The secretion of IL-4, IL-2, IL-13 or IL-16 in 2 Gy--irradiated HUVECs. After HUVECs were irradiated with 2 Gy, and then cultured for 24 h, ELISA was performed to detect the secretion of interleukins, using conditioned medium obtained from HUVECs. (**b**) qRT-PCR analysis of the mRNA expression levels of IL-4, IL-2, IL-13 and IL-16 in the presence or absence of siRNAs targeting IL-4, IL-2, IL-13 and IL-16, respectively, in 2 Gy--irradiated HUVECs. (**c**--**e**) Migratory and invasive properties of HepG2 cells after treatment with conditioned medium from 2 Gy--irradiated HUVECs pretreated with siRNAs targeting IL-4, IL-2, IL-13 and IL-16. These properties of the cells were measured using Transwell chambers (magnification, ×200) (A = conditioned medium from unirradiated HUVECs pretreated with siCont; B = conditioned medium from 2 Gy--irradiated HUVECs pretreated with siCont; C = conditioned medium from 2 Gy--irradiated HUVECs pretreated with siIL-4; D = conditioned medium from 2 Gy--irradiated HUVECs pretreated with siIL-2; E = conditioned medium from 2 Gy--irradiated HUVECs pretreated with siIL-13; F = conditioned medium from 2 Gy--irradiated HUVECs pretreated with siIL-16). (**f**) Western blot analysis of the expression levels of N-cadherin and Slug after treatment of HepG2 cells with conditioned medium from 2 Gy--irradiated HUVECs pretreated with siRNA targeting IL-4 for 48 h. Experiments were performed in triplicate, and the data shown are representative of a typical experiment. (**g** and **h**) Quantification of the sphere-forming ability of HepG2 cells after treatment with conditioned medium from 2 Gy--irradiated HUVECs pretreated with siRNA targeting IL-4 (A = conditioned medium from unirradiated HUVECs pretreated with siCont; B = conditioned medium from 2 Gy--irradiated HUVECs pretreated with siCont; C = conditioned medium from 2 Gy--irradiated HUVECs pretreated with siIL-4). These cells (300 cells per well) were grown in DMEM/F12 supplemented with B27, N2, EGF and bFGF in 24-well ultralow attachment plates for 7 and 14 days, and the size of the spheres was determined. The size of 12 randomly selected spheres per group (*n* = 12/group) was measured. The average size of each sphere was quantified with the standard deviation and is shown in the representative graph. β-actin was used as the loading control. The results from three independent experiments are expressed as the means ±1 SEM. (\**P* \< 0.05).](rraa002f1){#f2}

Small interfering RNA (siRNA) transfection {#sec9}
------------------------------------------

siRNA-mediated RNA interference was achieved using double-stranded RNA molecules. The siRNAs against IL-4 (sc-39623), IL-2 (sc-39619), IL-13 (sc-39642) and IL-16 (sc-39647) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Control siRNA-A (sc-37007) (Santa Cruz Biotechnology, CA, USA) was used as the control. Cells were grown to 30% confluency in 60-mm dishes and transfected with the siRNA duplexes (100 nM) using Lipofectamine 2000 (Gibco BRL, Grand Island, NY, USA) in accordance with the manufacturer's instructions. Assays were performed 48 h after transfection.

Assessments of cytokine secretion {#sec10}
---------------------------------

After HUVECs (\~70% confluence) were washed with phosphate-buffered saline, serum-free medium was added to the cells. After 24 h, the levels of cytokines were measured using ELISA (enzyme-linked immunosorbent assay) kits \[Human IL-4 Quantikine ELISA Kit (cat. no. D4050); Human IL-2 Quantikine ELISA Kit (cat. no. D2050); Human IL-13 Quantikine ELISA Kit (cat. no. D1300B); Human IL-16 Quantikine ELISA Kit (cat. no. D1600)\] commercially purchased from R&D systems (Minneapolis, MN, USA).

Quantitative real-time PCR {#sec11}
--------------------------

Quantitative real-time PCR (qRT-PCR) was performed using the SYBR Green reporter method. A sample of 1 μg of total RNA isolated using an RNeasy Mini kit (Qiagen, Valencia, CA, USA) was subsequently reverse transcribed to cDNA with the SuperScript First-Strand Synthesis System (Gibco Invitrogen Corp., Carlsbad, CA, USA). Then, 3 μl of cDNA was added to 17 μl of reaction mixture containing 5 μl of ddH2O, 10 μl of 2× SYBR Green Master Mix (Thermo Scientific, Waltham, MA, USA) and 1 μl of each primer. PCR amplification was carried out using a thermal cycling profile beginning at 94°C for 5 min, followed by 40 cycles at 94°C for 10 s, 58°C for 15 s and 72°C for 15 s, with a final extension step at 72°C for 5 min. The amplification specificity of each qRT-PCR analysis was confirmed by melting curve analysis. The transcripts of target genes were analyzed using the CFX96™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The primers used for qRT-PCR were as follows: IL-4 forward (5′-GTC TCA CCT CCC AAC TGC TT-3′) and reverse (5′-CTT GGA GGC AGC AAA GAT GT-3′); IL-2 forward (5′-CAA ACC TCT GGA GGA AGT GC-3′) and reverse (5′-AAT GGT TGC TGT CTC ATC AGC-3′); IL-13 forward (5′-CCA CTT CAC ACA CAG GCA AC-3′) and reverse (5′-ACT CCT GGT GTC CAC TGC TT-3′); IL-16 forward (5′-CTG TCA ACA CAG GCT GAG GA-3′) and reverse (5′-GAA GGC ACA GCA AGG ATT TC-3′); and GAPDH forward (5′-GAG CCC CAG CCT TCT CCA TG-3′) and reverse (5′-GAA ATC CCA TCA CCA TCT TCC AGG-3′). The *GAPDH* gene was used as the control to normalize the expression values of IL-4, IL-2, IL-13 and IL-16. The relative expression levels of the genes were calculated using the 2^-△△Ct^ method \[[@ref24]\].

Migration and invasion assays {#sec12}
-----------------------------

Both migration and invasion assays were performed using Transwell chambers (8-μm pore size; BD Biosciences, San Jose, CA, USA). A total of 2 × 10^4^ cells were resuspended in serum-free growth medium for these assays. For the invasion assay, the interior of the inserts was precoated with 10 mg/ml growth factor--reduced Matrigel (BD Biosciences, San Jose, CA, USA). For both assays, cells were seeded in the interior of the inserts. Growth medium supplemented with 10% (v/v) fetal bovine serum was added to the lower chambers. After incubation for 24 h, the cells attached to the upper surface of the filters were removed with a cotton swab. The cells on the lower surface of the filters were fixed and stained. The number of cells was determined by counting the cells in five microscopic fields per well. In addition, the cells were imaged by phase contrast microscopy (Nikon Eclipse 80i; Nikon, Tokyo, Japan).

Sphere formation assay {#sec13}
----------------------

Cells (300 cells per well) were grown in serum-free DMEM/F12 (Gibco BRL, Grand Island, NY, USA) supplemented with B27 (Gibco BRL, Grand Island, NY, USA), N2 (Gibco BRL, Grand Island, NY, USA), 20 ng/ml basic fibroblast growth factor (bFGF; Peprotech, London, UK) and 20 ng/ml epidermal growth factor (EGF; Peprotech, London, UK) in 24-well ultralow attachment plates for 7 or 14 days, and the size and number of the spheres were determined using a phase contrast Nikon microscope (TS100; Tokyo, Japan). The size of 12 randomly selected spheres per group was measured.

![Activation of the JAK/STAT3 pathway in liver cancer cells induced by 2 Gy--irradiated ECM. (**a**) Western blot analysis of the phosphorylation of STAT3 in HepG2 cells treated with 2 Gy--irradiated ECM. (**b**) Effects of AG490 on the protein expression levels of phospho-STAT3. HepG2 cells treated with 2 Gy--irradiated ECM were grown in the presence or absence of AG490 (5 μM) for 24 h, and western blot analysis was performed. (**c**--**e**) Effects of AG490 on the migratory and invasive properties of HepG2 cells enhanced by treatment with 2 Gy--irradiated ECM. Cells were treated with 2 Gy--irradiated ECM in the presence or absence of AG490 (5 μM) and grown for 48 h. These properties of HepG2 cells were measured using Transwell chambers (magnification, ×200). (**f**) Effects of AG490 on the protein expression levels of N-cadherin and Slug in HepG2 cells treated with 2 Gy--irradiated ECM for 48 h. (f--**g**) Effects of AG490 on the sphere-forming abilities of HepG2 cells enhanced by treatment with 2 Gy--irradiated ECM. Cells (300 cells per well) were grown in DMEM/F12 supplemented with B27, N2, EGF and bFGF on 24-well ultralow attachment plates for 7 and 14 days, and the size of the spheres was determined. The size of 12 randomly selected spheres per group (*n* = 12/group) was measured. The average size of each sphere was quantified with the standard deviation and is shown in the representative graph. β-actin was used as the loading control. Western blotting was performed in triplicate, and the data shown are representative of a typical experiment. The results from three independent experiments are expressed as the means ±1 SEM. (\**P* \< 0.05).](rraa002f2){#f3}

Statistical analyses {#sec14}
--------------------

The mean values and standard errors of the means were calculated using Microsoft Excel (2007 version, Microsoft Corporation, Redmond, WA, USA). All data presented are representative of at least three independent experiments and were statistically analyzed with GraphPad Prism version 8.0 (GraphPad Software Inc., San Diego, CA, USA). Differences between groups were analyzed using an unpaired Student's *t*-test or with one-way or two-way analysis of variance (ANOVA) followed by Dunnett's *post hoc* test. *P*-values of \<0.05 (indicated by the asterisks in the figures) were considered significant.

RESULTS {#sec15}
=======

Irradiated endothelial cells reinforced the malignant traits of liver cancer cells *in vitro* {#sec16}
---------------------------------------------------------------------------------------------

To further verify the results of our previous study indicating the effects of medium conditioned by 2 Gy--irradiated endothelial cells (2 Gy--irradiated ECM) on the malignancy of liver cancer cells \[[@ref23]\], we performed a migration and invasion assay to observe whether treatment with 2 Gy--irradiated ECM led to an increase in the malignant potential of these cells, before identifying the signaling pathways. As shown in [Supplementary Figure 1A--C](#sup1){ref-type="supplementary-material"}, the ability of HepG2, Hep3B and Huh7 cells to migrate and invade was greatly increased by treatment with 2 Gy--irradiated ECM.

Tumor malignancy is closely associated with an increase in the population of cancer stem-like cells \[[@ref10]\]. Therefore, we performed a sphere formation assay to investigate the effect of treatment with 2 Gy--irradiated ECM on the sphere-forming potential of cancer stem-like cells. As shown in [Supplementary Figure 1D and E](#sup1){ref-type="supplementary-material"}, 2 Gy--irradiated ECM led to the formation of larger spheres of HepG2, Hep3B or Huh7 cells than control ECM, indicating that 2 Gy--irradiated endothelial cells can readily lead to the increased sphere-forming potential of liver cancer cells.

These malignant properties of cancer cells appear after the acquisition of mesenchymal traits via EMT \[[@ref10]\]. We thus examined whether 2 Gy--irradiated ECM affected the protein expression level of EMT markers in HepG2 cells. As shown in [Supplementary Figure 1F](#sup1){ref-type="supplementary-material"}, the expression level of the mesenchymal cell marker N-cadherin was greatly increased by treatment with 2 Gy--irradiated ECM, whereas that of the epithelial cell marker E-cadherin was unaffected. Furthermore, we measured the expression levels of the EMT-regulating transcription factors Slug, Snail and Zeb1 and found that 2 Gy--irradiated ECM increased the expression level of Slug but did not alter the levels of Snail and Zeb1.

Collectively, as demonstrated in our previous report \[[@ref23]\], these data indicate that 2 Gy--irradiated endothelial cells contributed to the enhancement of tumor malignancy via triggering EMT and increasing the sphere-forming potential of liver cancer cells.

IL-4 secreted by irradiated endothelial cells contributed to the increase in liver cancer cell malignancy {#sec17}
---------------------------------------------------------------------------------------------------------

Soluble proteins secreted from endothelial cells in the tumor microenvironment play a pivotal role in increasing tumor malignancy \[[@ref17], [@ref25]\]. In particular, a high level of Th2 cytokines has been reported to be closely connected with increased malignancy of cancer cells in the tumor microenvironment \[[@ref19], [@ref22], [@ref28]\]. Thus, we examined whether ionizing radiation increases both the secretion and the mRNA expression of several cytokines in HUVECs. As shown in [Fig. 1A and B](#f2){ref-type="fig"}, ionizing radiation led to increase in both the secretion and the mRNA expression of Th2 cytokines (IL-4 and IL-13) and Th1 cytokines (IL-2 and IL-16) in HUVECs. We further sought to determine which cytokines enhance the migration and invasive abilities of HepG2 cells. To this end, we transfected siRNAs targeting these cytokines into HUVECs and found that all treatments with these siRNAs efficiently attenuated the increased mRNA expression levels of these cytokines caused by 2 Gy irradiation ([Fig. 1B](#f2){ref-type="fig"}).

Thereafter, we harvested the conditioned medium from 2 Gy--irradiated HUVECs transfected with these siRNAs and treated HepG2 cells with this medium. As shown in [Fig. 1C--E](#f2){ref-type="fig"}, only IL-4 siRNA effectively inhibited the migration and invasive abilities of HepG2 cells enhanced by the treatment with 2 Gy--irradiated ECM. Furthermore, IL-4 siRNA efficiently reduced the increased expression levels of N-cadherin and Slug in HepG2 cells treated with 2 Gy--irradiated ECM ([Fig. 1F](#f2){ref-type="fig"}). These results clearly indicate that IL-4, a Th2 cytokine, is a key contributor to 2 Gy--irradiated ECM-induced malignant EMT in HepG2 cells. To further determine whether IL-4 siRNA affects the 2 Gy--irradiated ECM-enhanced sphere-forming ability of HepG2 cells, we performed a sphere formation assay. As shown in [Fig. 1G and H](#f2){ref-type="fig"}, IL-4 siRNA effectively suppressed the sphere formation increased by treatment with 2 Gy--irradiated ECM.

![Activation of AKT and ERK induced by 2 Gy--irradiated ECM. (a) Western blot analysis of the phosphorylation of AKT and MAPKs in HepG2 cells treated with 2 Gy--irradiated ECM. (**b** and **c**) Effects of LY294002, PD98059, SP600125 and PD169316 on the migratory and invasive properties of HepG2 cells treated with 2 Gy--irradiated ECM. Cells were grown in the presence or absence of each inhibitor for 48 h, and migration and invasion assays were performed using Transwell chambers. (**d** and **e**) Effects of LY294002 and PD98059 on the protein expression levels of N-cadherin and Slug. HepG2 cells treated with 2 Gy--irradiated ECM were grown in the presence or absence of LY294002 (5 μM) or PD98059 (5 μM) for 48 h, and western blot analysis was performed. (**f** and **g**) Effects of LY294002 and PD98059 on the sphere-forming ability of HepG2 cells enhanced by treatment with 2 Gy--irradiated ECM. Cells (300 cells per well) were grown in DMEM/F12 supplemented with B27, N2, EGF and bFGF in 24-well ultralow attachment plates for 7 and 14 days, and the size of the spheres was determined. The size of 12 randomly selected spheres per group (*n* = 12/group) was measured. The average size of each sphere was quantified with the standard deviation and is shown in the representative graph. β-actin was used as the loading control. Western blotting was performed in triplicate, and the data shown are representative of a typical experiment. The results from three independent experiments are expressed as the means ±1 SEM. (\**P* \< 0.05).](rraa002f3){#f4}

Collectively, these data show that the expression of IL-4 in 2 Gy--irradiated endothelial cells leads to the enhancement of liver cancer cell malignancy.

JAK/STAT signaling pathway activation was required for the increase in liver cancer cell malignancy induced by irradiated endothelial cells {#sec18}
-------------------------------------------------------------------------------------------------------------------------------------------

The Janus kinase/Signal transducer and activator of transcription protein (JAK/STAT) pathway is a principal mechanism of the signaling events induced by a variety of cytokines and soluble growth factors \[[@ref29]\]. Thus, we examined whether this pathway contributes to the increased malignancy of liver cancer cells caused by treatment with 2 Gy--irradiated ECM. As shown in [Fig. 2A](#f3){ref-type="fig"}, we found that the level of phosphorylated STAT3 increased early (by 10 min), with the increase typically being maintained for 12 h after treatment before decreasing. To further investigate the relevance of the JAK/STAT pathway to the enhanced EMT induced by 2 Gy-irradiated ECM in HepG2 cells, we treated HepG2 cells with a JAK inhibitor, AG490, are finding that treatment with AG490 efficiently suppressed the increased phosphorylation of STAT3 ([Fig. 2B](#f3){ref-type="fig"}). As shown in [Fig. 2C--F](#f3){ref-type="fig"}, pretreatment with AG490 effectively attenuated the 2 Gy--irradiated ECM-enhanced migratory and invasive abilities of HepG2 cells and greatly blocked the increase in the expression levels of N-cadherin and Slug. In addition, AG490 effectively suppressed the increase in the sphere-forming ability of HepG2 cells induced by treatment with 2 Gy--irradiated ECM ([Fig. 2G--H](#f3){ref-type="fig"}).

These results clearly indicate that 2 Gy--irradiated endothelial cells can lead to the increased malignancy of liver cancer cells via JAK/STAT pathway activation in liver cancer cells.

Irradiated endothelial cells enhanced malignancy by activating the ERK and JNK pathways in liver cancer cells {#sec19}
-------------------------------------------------------------------------------------------------------------

In addition to the JAK/STAT pathway, the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)/AKT pathways can be activated by a variety of cytokines and their receptors, including IL-4 and its receptors \[[@ref30]\]. Therefore, we further examined whether these pathways are involved in mediating the increased malignancy of HepG2 cells induced by 2 Gy--irradiated ECM. As shown in [Fig. 3A](#f4){ref-type="fig"}, the level of phosphorylated AKT increased, peaking at 1 h then plateauing for 2 h after treatment, before steadily decreasing. In addition, the levels of both phosphorylated ERK1/2 and JNK1/2 were increased early, at 10 min, and then dramatically decreased, whereas the level of phosphorylated p38 MAPK was increased late.

To further identify the factors involved in the increased migratory and invasive abilities of HepG2 cells induced by 2 Gy--irradiated ECM, we treated HepG2 cells with LY294002, PD98059, SP600125 and PD169316, inhibitors of the PI3K/AKT, ERK, JNK and p38 MAPK pathways, respectively. As shown in [Fig. 3B and C](#f4){ref-type="fig"}, both LY294002 and PD98059 but not SP600125 or PD169316 effectively inhibited the increased migration and invasion. Furthermore, both LY294002 and PD98059 greatly suppressed the increased expression levels of N-cadherin and Slug in these cells and efficiently reduced their increased sphere-forming potential ([Fig. 3D--G](#f4){ref-type="fig"}).

Collectively, these results demonstrated that the activation of the AKT or ERK pathway was required for the increase in tumor malignancy induced by 2 Gy--irradiated endothelial cells.

The IL-4/ERK/AKT signaling pathway was required for the increase in liver cancer cell malignancy induced by irradiated endothelial cells {#sec20}
----------------------------------------------------------------------------------------------------------------------------------------

To assess the effects of IL-4 on the activation of AKT or ERK in HepG2 cells treated with 2 Gy--irradiated ECM, we collected conditioned medium from 2 Gy--irradiated HUVECs transfected with siRNA targeting IL-4 and subsequently treated HepG2 cells with this medium. As shown in [Fig. 4A](#f5){ref-type="fig"}, inhibition of IL-4 in HUVECs effectively attenuated the increased phosphorylation of AKT and ERK in HepG2 cells treated with 2 Gy--irradiated ECM, indicating that IL-4 secreted by 2 Gy--irradiated endothelial cells contributes to the activation of AKT and ERK in HepG2 cells. To further examine the interrelation between the AKT and ERK pathways in HepG2 cells treated with 2 Gy--irradiated ECM, we examined the changes in the phosphorylation of AKT and ERK after the treatment of HepG2 cells with LY294002 and PD98059. As shown in [Fig. 4B](#f5){ref-type="fig"}, LY294002 did not affect the increased phosphorylation of ERK caused by 2 Gy--irradiated ECM. However, PD98059 greatly attenuated AKT phosphorylation, indicating that ERK acts upstream of AKT activation in HepG2 cells treated with 2 Gy--irradiated ECM ([Fig. 4C](#f5){ref-type="fig"}).

Taken together, these results clearly suggest that the malignant behaviors of liver cancer cells induced by 2 Gy--irradiated ECM arise from the activation of the IL-4/ERK/AKT pathway ([Fig. 4D](#f5){ref-type="fig"}).

![The activation of the IL-4/ERK/AKT pathway contributed to the increase in the malignancy of HepG2 cells treated with 2 Gy--irradiated ECM. (a) Western blot analysis of the levels of phosphorylated AKT and ERK after treatment of HepG2 cells with conditioned medium from 2 Gy--irradiated HUVECs pretreated with siRNA targeting IL-4 for 2 h and 10 min, respectively. (b) Effects of LY294002 on the protein level of phosphorylated ERK in HepG2 cells treated with 2 Gy--irradiated ECM. Cells were grown in the presence or absence of LY294002 (5 μM) for 10 min, and western blot analysis was performed. (c) Effects of PD98059 on the protein level of phosphorylated AKT in HepG2 cells treated with 2 Gy--irradiated ECM. Cells were grown in the presence or absence of PD98059 (5 μM) for 2 h, and western blot analysis was performed. (d) Proposed mechanism underlying the increase in the malignancy of liver cancer cells in response to 2 Gy--irradiated ECM. Western blotting was performed in triplicate, and the data shown are representative of a typical experiment.](rraa002f4){#f5}

DISCUSSION {#sec21}
==========

The vasculature in the tumor microenvironment plays a fundamental role in contributing to the survival and growth of tumor cells by supplying them with nutrients and oxygen \[[@ref13], [@ref14]\]. In addition, the endothelial cells composing this tumor vasculature have been previously reported to increase the malignancy of diverse types of cancer cells by inducing EMT, which is also accepted as a mechanism leading to an increase in the number of cancer stem-like cells \[[@ref13]\].

Ionizing radiation has been demonstrated to affect endothelial cells in both normal and tumor vasculature \[[@ref34]\]. Furthermore, most of these studies have primarily considered the direct effects but not the indirect effects of irradiation on cells \[[@ref37], [@ref38]\]. Importantly, ionizing radiation can influence the unirradiated cells surrounding the irradiated cells, a phenomenon termed the bystander effect \[[@ref4], [@ref37]\]. Therefore, additional studies are required to characterize the bystander effect caused by ionizing radiation on the tumor microenvironment. As a contribution to this investigation, we previously found that irradiated endothelial cells can induce cancer cells to convert to a malignant phenotype \[[@ref23]\]. In this study, we further investigated the signaling pathway underlying the role of irradiated endothelial cells in the increase in tumor malignancy. Consistent with our previous observation \[[@ref23]\], we confirmed in this study that irradiated endothelial cells can increase the malignant potential of liver cancer cells.

A variety of cytokines are involved in the regulation of tumor malignancy \[[@ref13], [@ref19]\]. In particular, Th2 cytokines are closely associated with the induction of tumor growth and malignancy, whereas Th1 cytokines are involved in tumor suppression \[[@ref19], [@ref22], [@ref28]\]. Among these cytokines, IL-4, a well-known Th2 cytokine, performs many immunoregulatory functions \[[@ref39]\]. The high expression level of IL-4 in tumor tissues has been demonstrated to be strongly related to poor prognosis in tumor patients \[[@ref39]\] and to play pivotal roles in the occurrence of malignancy in diverse tumor types \[[@ref39], [@ref41]\]. In addition, a variety of tumor cells exhibit a high expression level of the IL-4 receptor (IL-4R), and this high expression level is strongly correlated with an increase in tumor growth \[[@ref39], [@ref41]\]. In contrast, IL-4 has been reported to suppress angiogenesis and cancer cell growth by modulating immune cells in many types of tumors \[[@ref41]\]. Thus, the role of IL-4 in tumor growth and malignancy remains controversial. However, in this study, treatment with siRNAs against various types of ILs revealed that the high expression of IL-4 in 2 Gy--irradiated endothelial cells greatly contributes to the increase in tumor malignancy, including migration, invasion and sphere formation behaviors, in liver cancer cells. In good agreement with our data, soluble factors released from endothelial cells have been indicated to influence tumor malignancy \[[@ref17], [@ref25]\]. Furthermore, several reports have already demonstrated that IL-4 is a key mediator of cancer progression and drug resistance in several cancer types, including colon, breast and prostate cancer \[[@ref46]\]. Thus, targeting the signaling pathway induced by IL-4 may be a useful strategy for the suppression of tumor malignancy. Indeed, inflammatory cytokines can activate JAK/STAT signaling pathways to promote tumor malignancy \[[@ref48]\]. Consistent with these reports, inhibition of these pathways significantly attenuated the malignancy increased by treatment with 2 Gy--irradiated ECM.

To activate IL-4--mediated signaling pathways, IL-4 first binds to IL-4R, its cognate receptor protein on the cell surface, which subsequently leads to the activation of JAK/STAT, AKT and MARKs \[[@ref49]\]. More importantly, IL-13 and IL-4 share receptor proteins \[[@ref20], [@ref39], [@ref40], [@ref49]\]. Therefore, the downstream signaling molecules activated by IL-13 and the consequent cellular events are nearly identical to those induced by IL-4 \[[@ref20], [@ref39], [@ref40], [@ref49]\]. We found that 2 Gy irradiation also increased the expression level of IL-13 in endothelial cells, although inhibition of IL-13 expression in these cells did not attenuate the malignant traits of liver cancer cells. We presume that these differences may be due to IL-13Rα2, a subunit of the IL-13R complex. IL-13Rα2 has been reported to play a fundamental role in suppressing IL-13 as a decoy receptor possessing a higher binding affinity for IL-13 than does the other IL-13R \[[@ref50]\]. Additionally, several papers have indicated that IL-4 can trigger the activation of signaling pathways to induce the expression of IL-13Rα2 \[[@ref51]\]. Thus, the action of IL-13 may be blocked by the IL-13Rα2 expressed as a consequence of IL-4 secretion in this study. However, additional studies focusing on the role of IL-13Rα2 in this study are needed.

In addition, IL-4 has been reported to trigger the activation of PI3K/AKT or MAPKs in diverse types of cells \[[@ref45], [@ref47]\]. In this study, IL-4 induced the activation of AKT and ERK, thereby leading to tumor malignancy induced by 2 Gy--irradiated ECM. Crosstalk between the AKT and ERK pathways, including cross-activation or cross-inhibition, is frequently observed in the signaling pathways involved in various cellular events \[[@ref52], [@ref53]\]. In good agreement with several reports \[[@ref54]\], we found that ERK positively regulates the activation of AKT. Although these reports did not clearly show the underlying mechanism by which ERK can affect the activation of this pathway, the following reports are thought to support our results.

Liver kinase B1 (LKB1), a well-known tumor suppressor, has recently been shown to possess protooncogenic abilities \[[@ref57]\]. In this context, LKB1 has been reported to inactivate the phosphatase and tensin homology (PTEN) by phosphorylating it at Ser380, Thr382, Thr383 and Ser385 \[[@ref58]\]. This inactivation of PTEN consequently results in the activation of the PI3K/AKT pathway \[[@ref58]\]. In addition, LKB1 directly activates AKT independent of PI3K in liver cancer cells \[[@ref61]\]. The increased kinase activity of LKB1 was reported to be influenced by its binding ability to phosphatidic acid (PA), one of the glycerophospholipids composing the plasma membrane and a second messenger modulating diverse signaling pathways in cells, suggesting a key role of PA in LKB1 activation \[[@ref62]\]. PA is generated by phospholipase D (PLD)-mediated hydrolysis of phospholipids \[[@ref62]\]. Interestingly, ERK has been demonstrated to contribute to the increase in the enzyme activity of PLD2 \[[@ref63]\]. Therefore, the ERK-dependent activation of AKT in this study can be assumed to be due to the inhibition of PTEN caused by sequential signaling through the ERK/PLD2/PA/LKB pathway. Thus, further studies on this pathway are necessary.

After JAK phosphorylates tyrosine residues on the receptors for cytokines or growth factors, insulin receptor substrate-1 and -2 (IRS-1 and -2, respectively) bind to these phosphorylated tyrosine residues on the receptors, consequently leading to PI3K recruitment and activation \[[@ref30]\]. Similarly, growth factor receptor--bound protein 2 (Grb2) has been reported to interact with the tyrosine residues phosphorylated by JAK on these receptors and to subsequently activate the Ras/Raf/MEK/ERK cascade \[[@ref33]\]. In addition, ERK can directly phosphorylate serine residues on STATs \[[@ref64]\]. Thus, because the activation of the JAK/STAT pathway in this study is reasonably thought to affect the PI3K/AKT or ERK pathways, further studies are needed to define the crosstalk between these signaling pathways activated by 2 Gy--irradiated ECM.

The signaling pathways leading to EMT have been well revealed by investigation of the functional role of TGF-β in a variety of biological events \[[@ref65], [@ref66]\]. In particular, the activation of ERK or JNK caused by TGF-β has been reported to increase the expression level of Snail and Slug, which are transcriptional repressors involved in downregulation of E-cadherin \[[@ref67], [@ref68]\]. In addition, TGF-β--mediated Ras activation triggers the activation of the Raf/MEK/ERK cascade, eventually leading to an increase in the expression level of a variety of genes responsible for cell motility \[[@ref69]\]. AKT is also known to contribute to the induction of EMT via regulating the phosphorylation status of Twist1 or via increasing the expression level of Snail through the activation of NF-κB \[[@ref70]\]. Furthermore, β-catenin has been shown to play its role in the induction of EMT, and its protein level can be downregulated by GSK3-β \[[@ref71]\]. AKT directly phosphorylates GSK3β to suppress it. Therefore, active AKT can lead to an increase in the protein level of β-catenin via this mechanism \[[@ref71]\].

Taken together, these findings indicate that 2 Gy--irradiated ECM effected an increase in liver cancer cell malignancy. In addition, we provide evidence that tumor malignancy was increased by the activation of the IL-4/ERK/AKT signaling pathway in liver cancer cells treated with 2 Gy--irradiated ECM (Fig. 4D).
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